A momentum space representation is derived for the Nijmegen Extended-Soft-Core (ESC) interactions. The partial wave projection of this representation is carried through, in principle for Two-Meson-Exchange (TME) in general. Explicit results for the momentum space partial wave N N -potentials from PS-PS-Exchange are given.
I. INTRODUCTION
For nucleon-nucleon [1-4] and hyperon-nucleon [7] scattering we have shown that the Extended-Soft-Core (ESC) models for baryon-baryon interactions give an excellent description of the NN and YN data. So far, the applications of the ESC-model has been in configuration space. In two papers we give a momentum space representation of the ESC-potentials. Also, we describe a fit to the pp-and np-data for 0 ≤ T lab ≤ 350 MeV, having χ 2 /N data = 1. 15 . Here, we used 20 physical parameters, being coupling constants and cut-off masses.
In synopsis, an account of a modern theoretical basis for the soft-core interactions has been given in [1] . Starting from the so called Standard Model and integrating out the heavy quarks one arrives at an effective QCD for the u,d,s quarks. The generally accepted scenario is now that the QCD-vacuum becomes unstable for momenta transfers for which Q 2 ≤ Λ 2 χSB ≈ 1 GeV 2 [5] , causing spontaneous chiral-symmetry breaking (χSB). The vacuum goes through a phase-transition, generating constituent quark masses via 0|ψψ|0 = 0, and reducing the gluon coupling α s . Viewing the pseudo-scalar mesons π etc. as the Nambu-Goldstone bosons originating from the spontaneous χSB, makes it natural to assume quark dressing by pseudo-scalar mesons, and also other types of mesons in general. In this context, baryon-baryon interactions are described naturally by meson-exchange using form factors at the meson-baryon vertices. As a working hypothesis, we restrict ourselves for low energy scattering to a treatment of the the hadronic-phase. Integrating out the heavy mesons and baryons using a renormalization procedure a la Wilson [6] , we restrict ourselves to mesons with M ≤ 1 GeV/c 2 , arriving at an so-called effective field theory as the proper arena to describe low energy hadron scattering. This is the general physical basis for the Nijmegen soft-core models.
In this paper, hereafter referred to as I, a representation for the ESC-interactions in momentum space is presented, which is very elegant and useful for applications in momentum space computations.
We solve basically the problem of finding a suitable representation of the TME-potentials in momentum space in general, and in particularly with gaussian form factors. As is apparant from the configuration space representation, given in [2, 3, 12] , we have to evaluate forms like 
u) in the integrands. Also, the strong gaussian-like fall off in the off-shell region, typical for the soft-core interactions, is easily realized. To realize the latter property of the momentum space potentials is problematic, when these potentials have to be generated numerically from configuration space via Fourier transformation.
The partial wave projection formulas on the LSJpartial wave basis are developed for the TME-potentials in momentum space. Like for the OBE-potentials in [8] , we expand the momentum space potentials in the Paulispinor invariants. The partial wave basis is choosen according to the convention of [9] . Explicit formulas are worked out for general pseudoscalar-pseudoscalar (ps-ps) exchange.
In paper II [10] , the momentum space representation for the ESC Meson-Pair-Exchange (MPE) potentials is described. Here, we moreover present a fit to the N Ndata for 0 ≤ T lab ≤ 350 MeV. In this ESC-model included are the contributions from OBE-, PS-PS-exchange, and MPE. The contents of this paper are as follows. In section II we review the definition of the ESC-potentials in the context of the relativistic two-body equations, the Thompson, and Lippmann-Schwinger equation. Here, we exploit the Macke-Klein [11] framework in Field-Theory. For the Lippmann-Schwinger equation we introduce the usual potential forms in Pauli spinor space. We include here the central (C), the spin-spin (σ), the tensor (T ), the spin-orbit (SO), the quadratic spin-orbit (Q 12 ), and the antisymmetric spin-orbit (ASO) potentials. For TMEexchange, in the approximations made in [2, 3] only the central, spin-spin, tensor, and spin-orbit potentials occur. In section III the special representation for the ESC-interactions in momentum space is developed and illustrated using some basic examples. In section IV the general ps-ps exchange is presented. In section V the projection on the plane wave spinor-invariants is carried through for general ps-ps exchange. The adiabatic terms, non-adiabatic, pseudovectorvertex, and off-shell 1/M -corections are given explicitly. In section VI the partial wave analysis is performed. Finally in section VII the partial wave contributions from the adiabatic terms and the mentioned 1/M -corrections are given.
Appendix A contains some basic integrals which are employed in the paper. In Appendix B a dictionary is given containing the results of the convolutive integrations for the operators that occur in ps-ps exchange. Appendix C contains the LSJ partial wave matrix elements of several important operators. In Appendix D the Fourier connection between coordinate and momentum space is illustrated in particularly for the ps-ps exchange tensor potential.
II. TWO-BODY INTEGRAL EQUATIONS IN MOMENTUM SPACE

A. Relativistic Two-Body Equations
We consider the nucleon-nucleon reactions
with the total and relative four-momenta for the initial and the final states
which become in the center-of-mass system (cm-system) for a and b on-mass-shell
In general, the particles are off-mass-shell in the Greenfunctions. In the following of this section, the on-massshell momenta for the initial and final states are denoted respectively by p i and p f . So, p
, and similarly for b and b'. Because of translation-invariance P = P and
The two-particle states we normalize in the following way
The relativistic two-body scattering-equation reads [13] [14] [15] 5) where ψ(p, P ) is a 4 × 4-matrix in Dirac-space. The contributions to the kernel I(p, p ) come from the twonucleon irreducible Feynman diagrams. In writing (2.5) we have taken out an overall δ 4 (P − P )-function and the total four-momentum conservation is implicitly understood henceforth.
The two-particle Green function G(p; P ) in (2.5) is simply the product of the free propagators for the baryons of line (a) and (b). The nucleon and more general for any baryon the Feynman propagators are given by the well known formula
{µ} is the free Rarita-Schwinger field which describes the nucleon (s = 1 2 ), the ∆ 33 -resonance (s = 3 2 ), etc. (see for example [16] ). For the nucleon, the only case considered in this paper, {µ} = ∅ and for e.g. the ∆-resonance {µ} = µ. For the rest of this paper we deal only with nucleons. In terms of these one-particle Green-functions the twoparticle Green-function in (2.5) is
Using now a complete set of on-mass-shell spin s-states in the first line of (2.6) one finds that the Feynman propagator of a spin-s baryon off-mass-shell can be written as [17] Π (s) (p) − (p) are the on-mass-shell projection operators on the positive-and negative-energy states. For the nucleon they are
where u(p, σ) and v(p, σ) are the Dirac spinors for spin-1 2 particles, and E(p) = p 2 + M 2 with M the nucleon mass. Then, in the cm-system, where P = 0 and P 0 = W , the Green-function can be written as
Multiplying out (2.10) we write the ensuing terms in shorthand notation etc. Introducing the wave-functions (see [18] ) (2.13) and similar equations for ψ +− , ψ −+ , and ψ −− . Invoking 'dynamical pair-suppression', as discussed in [12] , (2.13) reduces to a four-dimensional equation for ψ ++ , i.e.
with the Green-function
Following the same procedures as in [12] we introduce the three-dimensional wave-function according to Salpeter [18] by
Next, we use for the right-inverse of the dp 0 -operation the ansatz proposed by Klein and Macke [11] , 17) where the right-inverse is given by 18) with the frequently used notations
Applying now the p 0 integration to (2.14), and performing the p 0 -integration, made possible by the ansatz above, one arrives at the Thompson equation [19] φ 20) where the Green function is
, (2.21) and the kernel is given by
The M/E-factors in (2.22) are due to the difference between the relativistic and the non-relativistic normalization of the two-particle states. In the following we simply put M/E(p) = 1 in the kernel K irr Eq. (2.22). The corrections to this approximation would give (1/M ) 2 -corrections to the potentials, which we neglect in this paper. In the same approximation there is no difference between the Thompson (2.20) and the Lippmann-Schwinger equation, when the connection between these equations is made using multiplication factors. Henceforth, we will not distinguish between the two.
The contributions to the two-particle irreducible kernel K irr up to second order in the meson-exchange are given in detail in [2] . For the definition of the TME-potential in the Lippmann-Schwinger equation we shall need the complete fourth-order kernel for the Thompson equation (2.20) . In operator notation, we have from (2.20)
which implies for the complete kernel M the integral equation
The transformation of (2.24) to the LippmannSchwinger equation can be effectuated by defining (2.25) where the transformation function is Application of this transformation, yields the LippmannSchwinger equation
with the standard Green function
The corrections to the approximation E
2 , which we neglect hencforth. The transition from Dirac-spinors to Pauli-spinors, is given in Appendix C of [12] , where we write for the the Lippmann-Schwinger equation in the 4-dimensional Pauli-spinor space
The T -operator in Pauli spinor-space is defined by
and similarly for the V-operator. Like in the derivation of the OBE-potentials [20, 21] we make off-shell and on-shell the approximation,
, everywhere in the interaction kernels, which, of course, is fully justified for low energies only. In contrast to these kind of approximations, of course the full k 2 -dependence of the form factors is kept throughout the derivation of the TME. Notice that the Gaussian form factors suppress the high momentum transfers strongly. This means that the contribution to the potentials from intermediate states which are far off-energy-shell can not be very large.
Because of rotational invariance and parity conservation, the T -matrix, which is a 4×4-matrix in Pauli-spinor space, can be expanded into the following set of in general 8 spinor invariants, see for example [22, 23] . Introducing [24] 
with, of course, n = q × k, we choose for the operators P j in spin-space
Here we follow [23] , where in contrast to [20] , we have chosen P 3 to be a purely 'tensor-force' operator. The expansion in spinor-invariants reads
Similarly to (2.33) we expand the potentials V . Again following [23] , we neglect the potential forms P 7 and P 8 , and also the dependence of the potentials on k·q . Then, the expansion (2.33) reads for the potentials as follows
We develop in the following subsections a new representation of the TME-potentials. Included are the BWgraphs shown in Fig. 1 , and the TMO-graphs shown in Fig. 2 . Also the employed notations for the momenta are indicated in the figures.
III. MOMENTUM SPACE REPRESENTATION TME-POTENTIALS
In this section we give an outline of the procedures in making the partial wave analysis of TME-potentials in momentum space.
A. TPS Central Potentials
Consider the basic integral
withF (k 1 ) andG(k 2 ) having the generic soft-core forms
Exploiting the identity
one can write (3.1) asṼ
The ∆-integral in (3.4) has been evaluated above, see (D12), and is
Redefining the variables t → t/Λ 
This form we consider as the basic representation of the soft-core TME-potentials in momentum space.
B. TPS Tensor and Spin-spin Potentials
In this subsection we apply the same technique as used in the previous one to the more complicated case involving the tensor interaction. For ps-ps in momentum space we havẽ 6) which leads to the basic integral to be evaluated:
Repeating the steps taken in the previous subsection, one arrives at the analogue of (3.4):
Using the integral
one obtains, again after the redefinitions t → t/Λ 
It is clear that in (3.6) only the δ mn -term contributes. The result is
From equations (3.10)-(3.11) one can read off immediately the projection of (3.6) onto the spinor invariants (2.33).
In Appendix D the same result is derived in an alternative way starting from the configuration space potentials.
IV. GENERAL PS-PS EXCHANGE POTENTIALS
In [2] ) the derivation of the ps-ps exchange potentials both in momentum and in configuration space is given. In this reference the configuration space potentials are worked out fully. The topic of this paper is to do the same for the momentum space description. In particular, the partial wave analysis is performed leading to a representation which is very suitable for numerical evaluation. From [2] it appears that the momentum space TME-potential can be represented in general in the form
Here Table II ,
In [25] we remind the reader of the precise contents of these operators. As an example for the i we give explicitly the case of πη-exchange, the planar BW-and TMO-graphs, and the BW-crossed graphs. These can be written as [2] V //,X πη
Here, the (+)-sign refers to the parallel graphs (//), and the (−)-sign to the crossed (X) graphs.
A. Integration over λ-parameter
Since, due to the use of (3.3) and gaussian form factors all integrations over λ become gaussian, they can be performed analytically. Consider for example, the type of integral appearing in (4.3). We write
Going through the same steps as between equations (3.3)-(3.5), we get for the second part between the square brackets, an extra λ-dependent factor
where we applied again the same variable redefinition as before, i.e. t → t/Λ 
Similarly, all λ-integrations can be performed explicitly.
V. PROJECTION PS-PS EXCHANGE ON SPINOR INVARIANTS
The different contributions, as adiabatic, non-adiabatic, pseudovector-vertex corrections, and off-shell potentials, are in direct correspondence with their configuration space analogs, given in [2] .
A. Adiabatic PS-PS Exchange Potentials
We now have prepared all the necessary ingredients for putting things together and to list the projection of ps-psexchange onto the potentials V j . We writẽ
where 2 ,
, 2) where C N N,// (I) denotes the isospin factor.
Expressions similar to (5.2) hold for the contribution of the crossed BW-graphs (X), and are given below. Note the difference in theÕ-operators in (4.2) and D
,
It is convenient to introduce the expansions
The functions Υ j,k (t, u) are given in Table I -II.
B. Non-adiabatic corrections
The denominators D (1) (ω 1 , ω 2 ) for the non-adiabatic corrections are given in Ref. [2] , Table III . In appendix B of [12] it is explained how 1/ω 4 has to be treated. It follows that
and one finds from (3.4) and (5.5) that the contributions to theṼ
(1) j can be written in the form
The Ω (1a) j are given by 3 ,
Again, similar expressions hold for the contribution of the crossed BW-graphs (X), and are given below. See for the differences in theÕ Table III of [2] .
(5.8)
C. Pseudovector-vertex corrections
Here, only the crossed BW-graphs contribute [2] . From the denominators
for the pseudovector-vertex corrections [2] one finds that the contributions to theṼ
where
Off-shell corrections in TMO-diagrams Also in this case the denominators are
, and one finds that the contributions to theṼ
(1) j can be written asṼ
The potentials are very similar to the pseudovector-vertex corrections given above, see [2] , section V.C. We have
Similarly to (5.4) it is convenient to introduce the expansion
The functions Υ j,k (t, u) are given in Table III -VI.
VI. PARTIAL WAVE ANALYSIS
A.
General Structure
We write the potentials listed in the previous section in the general form
where for the adiabatic, the 1/M pv-and off-shell corrections the weight function w(t, u) = w 0 (t, u) with 1b) and for the non-adiabatic corrections, cfrm. (5.6),
Here, Γ j is a combination of isospin and coupling constant factors.
B. Partial Wave Projection
The partial wave projection of (D13) can be done easily. Using formula 10.2.36 of reference [26] one derives that
We note that in the form (6.4), the gaussian damping in the off-shell momentum region is manifest. From (6.4) and the recurrence relations for Legendre polynomials, one readily obtains e.g.
Using these results the partial wave contributions can be worked out in a straightforward manner. The basic partial wave projections needed are
where γ = tu/(t + u), and the functions U L , R L , S L can be read off from (6.4)-(6.6). Writing
the partial wave expansion of the V j -functions reads
Using (6.4)-(6.6) the partial waves V (j)
L (x) for the TME-potentials can be written as
(6.10)
C. Partial Wave Projection Spinor Invariants
Distinguishing between the partial waves with parity P = (−) J and P = −(−) J , we write the potential matrix elements on the LSJ-basis in the following way (see e.g. [22] , section VII):
For notational convenience we will use as an index the parity factor η, which is defined by writing P = η(−) J . The P = (−) J -states contain the spin singlet and triplet-uncoupled states(η = +), and the P = −(−) J -states contain the spin triplet-coupled states (η = −).
In nucleon-nucleon the proton neutron mass difference M p − M n is small, and, except for very special studies, the spin singlet-triplet transitions can be neglected. Actually, in the TME-potentials we take M p = M n = M N . As a consequence there are no anti-symmetric spin-orbit potentials, so V 6 = 0. Also, since we restrict ourselves to terms of order up to and including 1/M N , there are no contrubutions to the quadratic-spin-orbit potentials, i.e. V 5 = 0. Also, in nucleon-nucleon one can neglect terms with P 7 and P 8 [22] . Therefore, we can restrict the partial wave projection of the spinor invariants to the cases P 1 , P 2 , P 3 , and P 4 . Below we list the partial wave matrix elements for η = ± for the different V j P j , (j = 1, 2, 3). Here we restrict ourselves to the matrix elements = 0.
14) 15) where i = S and j = S for η = +, respectively i = L and j = L for η = −.
where we introduced
With the matrix elements of this section, the partial waves for the potentials can be readily derived. Henceforth, we will use the following shorthand notation [27] for the potentials:
The momentum space partial wave central (C), spin-spin (σ), tensor (T ), and spin-orbit (SO) potentials V
L (p f , p i ) etc. lead to the following partial wave potentials = 0:
VII. ADIABATIC PS-PS POTENTIALS
A. Adiabatic PS-PS Coefficients
Defining the shorthands A(p f , p i ) and B(p f , p i ) by
In this appendix we list a number of useful integrals.
(i) Consider the integrals with p-components of the ∆-vector in the integrand: gaussian integral
The first tensors Π (p) m...n are found to be
(ii) Consider the integrals with p-factors ∆ 2 in the integrand:
The first tensors Γ 
(iii) Consider the integrals with p-factors ∆ · k in the integrand:
The first coefficients Σ (p) are
(iv) Consider finally the more general integrals with pfactors ∆ 2 and q-factors ∆ · k in the integrand:
The first tensors Γ In this appendix we give a dictionary for the evaluation of the momentum integrals that occur in the matrix elements of the TME-potentials. The results of the d 3 ∆-integration are given apart from a factor (4πa) 
one can work out the partial wave matrix elements involving this operator. From the results above one can derive the following useful partial wave projections for the spin triplet states: 
the tensor operator can be written as
where the momentum-space tensor-operator S 12 is defined as
From the formulas given in this appendix the partial wave projections of the several potential forms, as given in sections VI A and VII, can be derived in a straightforward manner. In case of an extra factor (p f · p i ), as occurs for example in the second line of (C11), we simply use the expansion
whereṼ
